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ABSTRACT: We study the effect of the microenvironment
on writing chemical patterns into spirothiopyran monolayers
over large areas in a single step with light. Surfaces
functionalized with photoresponsive spirothiopyran are
fabricated by chemically modifying amine-terminated mono-
layers. The merocyanine isomer selectively participates in a
thiol-Michael addition reaction with maleimide-functionalized
molecules, rendering these surfaces ideal for fast, mask-less
direct writing. The local microenvironment of spirothiopyran
is found to strongly influence the kinetics of photoswitching. The quantum yield of ring opening is found to be 17 times faster
for spirothiopyran surrounded by a locally charged environment rich in guanidinium diluent molecules as compared to a closed-
packed monolayer without diluents. Hydrophilic environments are also found to improve the kinetics of ring closing.
Optimization of the diluent concentration leads to dramatic improvements in both contrast and yield of direct writing. This
enables the monolayer to be used for maskless two-color photopatterning in which spatial control over patterning is obtained by
varying the relative intensity of incident UV and green light. These experiments demonstrate the capacity of spirothiopyran
monolayers to serve as a versatile toolbox for rapid, large-area surface functionalization.

■ INTRODUCTION

Photopatterning of chemically assembled monolayers to
spatially vary surface properties is of interest in diverse
applications like organic electronic devices, sensors, synthetic
biology, and drug delivery.1−4 Photopatternable monolayers
have typically been prepared either by thiol-based self-
assembly or silane-based covalent attachment on metal or
silicon dioxide-based substrates.2,4−8 Such photopatterning is
carried out by deep UV (∼250 nm) induced selective area
photooxidation or bond breaking, with the monolayer
functioning as a photoresist.6,8,9 The multiple processing
steps of etching, rinsing, postdevelopment functionalization,
etc. are viewed as being onerous but unavoidable10 relative to
one-step direct writing. This is particularly true while
patterning biomolecules that degrade upon exposure to deep
UV wavelengths. These wavelengths also introduce defects by
degradation of the monolayer.11,12 Recently, one-step solution-
based monolayer patterning techniques that use a more
biomolecule friendly 365 nm UV light to yield defect-free
patterns over large areas have been demonstrated. The
resolution of these methods is, however, compromised by
refraction of light13 and diffusion12 in solution, respectively.
Here, we present a complementary method based on the use of
spirothiopyran (STP) photochromic switches that do not face
these limitations and tackle the key issue of contrast that arises
in the use of such molecules as direct write resists.

Photochromic molecules are an attractive material system to
create tunable surfaces due to the light-driven reversible
conversion between constituent isomers.14 Of the different
classes of photochromic molecules, spiropyran has been
extensively examined due to the high degree of contrast in
physical and chemical properties of its isomers.15 Spiropyran
switches from its spiro form (SP) to a merocyanine isomer
(MC) when illuminated with soft-UV/blue (365−410 nm)
light. The MC can exist in a neutral quinoidal form or a
charge-separated zwitterionic form, which can undergo a ring-
closing reaction to reconstitute to SP when illuminated with
visible light. Spiropyran has been covalently attached to
metal16,17 or glass18,19 substrates to form photoactivable
surfaces for a variety of applications including sensors,20,21

electrodes,22−26 photocontrolled transport channels,27−29 and
surface receptors.30,31 The photoactivable responses of such
surfaces utilize shifting the SP ⇌ MC equilibrium toward one
distinct isomer by shining UV or visible light, respectively.
Despite their success in photoactivatable surfaces, spiropyran

monolayers are not suited for direct writing. Garcia et al.32

have examined how the isomerization of spiropyran mono-
layers depends on solvent polarity and microenvironment and
showed that even after optimizing the local microenvironment,
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only 10−20% of the spiropyran molecules reversibly isomerize
upon illumination.19,33 This lowers the contrast of the
switchable response; the change in contact angle for water
on flat substrates was only ∼10°.34 A second hurdle is the lack
of a permanent irreversible “direct written” state. Currently,
spiropyran monolayers suffer from photofatigue, which limits
the number of usable switching cycles.15

In this paper, we demonstrate monolayers of the sulfur-
containing analogue, spirothiopyran (STP), a molecule that
has attracted recent attention,35−38 as a viable alternative for
direct writing. The MC isomer of STP can participate in a
thiol-Michael addition with α, β unsaturated carbonyl
compounds to form a nonswitchable Michael addition product
(MAP), which serves as the desired written state. We have
previously shown that the unique SP ⇌ MC → MAP kinetics
allows the spirothiopyran-maleimide material system to be
used for lithography by using a photomask as well as for
maskless two-color photopatterning in which spatial control
over patterning can be modulated by the UV−visible light
intensity ratio.39

To demonstrate the use of STP monolayers as a direct write
resist, first, covalent attachment of an STP derivative to a
molecular monolayer is performed by standard synthetic
procedures. Then, flood illumination of UV and a standing
wave of green light enables spatial patterning of the open and
closed form within the monolayer (Figure 1). In the closed

form, the STP molecule is inert, whereas in the open form, the
thiolate anion reacts readily with maleimides (Figure 2a).
Thus, a maleimide-functionalized fluorescence dye, Atto 647N,
is selectively attached to the monolayer only in the areas where
the open form predominates. This method has the potential to
enable large area maskless lithography, in principle. In practice,
it is necessary to finely tune the equilibrium between the
chemical species involved.
To that end, we functionalized a silica surface with an

amino-functionalized silane and coupled the amines to a
spirothiopyran derivative bearing a carboxylic acid (STP-
COOH, 4, Scheme 1) by means of activated ester. We
employed HBTU, a common coupling reagent in peptide

chemistry.40 This reagent is normally used in a 1:1
stoichiometric equivalent with the carboxylate to avoid the
typically undesired side reaction of HBTU with amines, the
latter generating a guanidinium side product that is inert to
coupling. In this work, we hypothesized that the inclusion of
excess HBTU, and thus intentional formation of the guanidine
side product to varying extents, would provide a convenient
one-pot approach to finely tune the microenvironment
surrounding the STP molecules in the monolayer. Because
the photochromic switching equilibrium is highly sensitive to
the polarity of the media, we reasoned that adjusting the
surface concentration of guanidinium, relative to STP, would
enable control of the resulting lithographic contrast. Indeed,
we found that one stoichiometric equivalent of HBTU to STP-
COOH yielded a high density of STP on the surface. However,
this high density of STP creates a nonpolar environment that
disfavors switching from the open merocyanine form to the
closed STP form. As a result, Atto 647N dye attaches to the
surface in a homogeneous manner, regardless of the two-color
pattern, and thus negligible contrast is observed. Excitingly, as
the equivalents of HBTU (in excess of 1) are gradually
increased, the achievable contrast continuously increases,
reaching a maximum at the ratio of 1:7::STP/HBTU. When
the excess of HBTU is increased still further, the total
fluorescence signal and contrast obtained begins to decrease
because the STP molecules on the surface become highly
diluted (Figure 1). Thus, we discovered that tuning the
reaction conditions for the formation of the monolayer (simply
by adjusting the ratio of carboxylic acid to coupling reagent)
enables a rapid and facile route to optimize contrast of
patterning. An optimized guanidinium microenvironment was
found to improve the kinetics of bidirectional photoswitching
in spirothiopyran with the rate of ring opening increasing by a
factor of 17. Furthermore, a local hydrophilic environment was
demonstrated to be much more effective at photokinetic
enhancement as compared to a nonpolar hydrophobic
environment.

■ EXPERIMENTAL SECTION
Materials. Reagents and chemicals were purchased from Sigma-

Aldrich and used without further purification. N-(6-Aminohexyl)-
aminomethyltriethoxysilane was purchased from Gelest. Atto 647N
maleimide was purchased from Atto-Tec GmBH.

Instrumentation. Proton (1H) and carbon (13C) NMR spectra
were recorded on a Bruker SB 800 MHz spectrometer. Electrospray
ionization/mass spectroscopy analysis was carried out using a Thermo
Scientific LTQ Orbitrap XL Hybrid Ion Trap-Orbitrap Mass
Spectrometer. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out on a PHI Versaprobe 5000 scanning system.
Atomic force microscope (AFM) analysis was carried out on a Digital
Instruments Multimode IIIa Atomic Force Microscope. Attenuated
total reflectance-Fourier transform infrared (ATR-FTIR) measure-
ments were performed using a Biorad-Excalibur FTIR spectrometer.
Confocal microscopy measurements were carried out using an in-
house built stimulated emission depletion (STED) system utilizing a
Picoquant LDH DC 640 laser for excitation, MPB PRFL-P-30-775-
B1R laser for depletion and a SPCM-AQRH- 13-FC Excelitas single-
photon counting module for detection.

Synthesis. Carboxylic acid functionalized spirothiopyran (4,
Scheme 1) was synthesized by previously reported procedures with
minor modifications.37,41 Details of the synthetic route are given in
the Supporting Information (SI).

Synthesis of Spirothiopyran-Functionalized Monolayers
(1a). Amine functionalized glass surfaces were prepared by a well-
established protocol specifically designed to yield hydrolysis-resistant

Figure 1. Green-induced ring-closing reaction is suppressed when the
surface grafting density of SP is high. When diluted in a
microenvironment of cationic charge, the switching becomes facile.
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monolayers.42 Glass coverslips were cleaned by immersing in freshly
prepared piranha solution (7 parts concentrated sulfuric and 3 parts
30% hydrogen peroxide) for 30 min. (Caution: Piranha solution reacts
violently with organic matter.) The coverslips were removed and then
rinsed twice with deionized water and dried in a clean oven at 140 °C
for 45 min. Amine-functionalized monolayers were synthesized by
immersing the cleaned glass coverslips in a 2% by volume N-(6-
aminohexyl)aminomethyltriethoxysilane solution in anhydrous tol-
uene at 70 °C under nitrogen atmosphere for 1 h. The coverslips were
then rinsed twice with toluene, ethanol, and water and dried at 140 °C
for 60 min.
A 3.97 mg of STP-COOH (.01 mmol) (4) was mixed with the

desired quantity of HBTU in 10 mL of anhydrous dimethylformamide
(DMF) and stirred for 5 min. The resulting mixture was introduced to
the amine-functionalized coverslips, followed by the addition of 5 μL
of anhydrous triethylamine to the reaction mixture. After 16 h, the
coverslips were removed and thoroughly washed with acetone and
ethanol and then dried in air.
UV Photopatterning and Characterization. Fifty microliters of

an 8 μM solution of Atto 647N maleimide in DMF was dropcast
between the spirothiopyran monolayer and a microscope slide with a

125 μm spacer in between (Grace Bio Labs GBL654002). This
assembly was exposed to UV light of intensity 0.8 mW/cm2 for 15
min. STP-ML was then extracted from the spacer and washed in
methanol for 30 min. After drying the coverslip in air, 10 μL of a 97%
thiodiethanol (TDE) in water solution was used to mount the
monolayer for confocal imaging. The excitation intensity at the back
focal plane of the objective lens was recorded as 11.2 mW/cm2.

Two-Color Photopatterning. Spirothiopyran monolayer-dye
assembly described above was exposed to a standing wave of green
(Coherent Verdi V2 laser, 50 W/cm2 intensity) and a plane wave of
UV (Thorlabs M365LP1 LED, 10 mW/cm2 intensity) using a Lloyds
mirror setup. Optical power was measured using a Coherent LabMax-
TO power meter with an LM-2 VIS Silicon optical sensor. After 4 min
of exposure, the monolayer samples were washed in methanol for 30
min and after drying, mounted in 10 μL of a 97% TDE solution for
confocal imaging. Photographs of the experimental setup are given in
the SI.

■ RESULTS AND DISCUSSION

It is well known that HBTU provides excellent yield for amide
coupling, but due to its tendency to react with amines to form
a guanidinium side product, the concentration, order, and
timing of the reaction for amide coupling are essential.43 To
synthesize a dense, uniform monolayer of spirothiopyran via
covalent attachment, HBTU is taken in a molar ratio slightly
lower than one with respect to the carboxylic acid (Scheme 1),
and a preactivation mixture of the carboxylic acid function-
alized spirothiopyran and HBTU is required to be prepared
before introducing the amine-functionalized glass surfaces.40

Use of an HBTU/STP molar feed ratio greater than 1
introduces excess guanidine diluent molecules among the
amide-coupled spirothiopyran, on average proportional to the
feed ratio used during the synthesis (Figure 2a). We utilized
this as an effective means to control the microenvironment of
the anchored photochromes (the formation of guanidine
moieties due to excess HBTU during amide coupling is
confirmed by ATR-FTIR measurements, see the Supporting
Information).
Figure 3a−c shows the Si 2p, N 1s, and S 2s XPS spectra

taken at different stages of the monolayer synthesis. As

Figure 2. (a) Scheme illustrating photochromic switching in spirothiopyran. The merocyanine isomer can participate in a thiol-Michael addition
with maleimide-functionalized compounds. Also shown are XZ-confocal microscopy images of the spirothiopyran monolayer prepared using a 1:7
SPT/HBTU molar feed ratio after reacting with the Atto maleimide dye before (b) and after (c) UV exposure.

Scheme 1. Scheme Depicting Synthetic Route to Carboxylic
Acid-Functionalized Spirothiopyran and Spirothiopyran-
Functionalized Monolayers (STP-ML)
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expected, the clean bare glass substrate gives a good signal only
for the Si 2p photoelectrons; an N 1s peak is detected after
covalently attaching the amine-terminated silane and an S 2s
peak is seen only after the subsequent amide coupling with
spirothiopyran. We note the fact that the MC isomer lifetime
(minutes)39 is much shorter than the XPS data collection time
(∼6 h). This longer collection is necessitated by the
vanishingly low concentration of the surface-bound spirothio-
pyran, which prevents recording of a separate XPS spectra for
the MC isomer. The presence of spirothiopyran after amide
coupling is also confirmed by utilizing the selective reaction of
the MC isomer with maleimide-functionalized Atto dye
(Figure 2a). Figure 2b,c shows the confocal microscopy
images of the spirothiopyran monolayers before and after UV
exposure when kept exposed to an Atto maleimide dye
solution. A uniform bright signal over a single point spread
function depth confirms the covalent attachment of the
Michael addition product of the dye to spirothiopyran.
Figure 3d,e shows the Si 2p and N 1s angle-resolved (AR)-

XPS spectra for the spirothiopyran monolayer taken at 45 and
70° take-off angles (TOA). Increasing the take-off angle allows
the X-ray beam to probe larger sample depths from 2 to 3 nm
(45° TOA) to 7−10 nm (70° TOA).44 Increasing the TOA is
found to augment the detected photoelectron peak intensity
for Si 2p but decreases the N 1s peak intensity, thus confirming
that our sample is confined to depths of at most a few nm.
Depth profiling using (AR)-XPS on the amine functionalized

surfaces allowed us to calculate a thickness of 1 nm for our
amine-functionalized surfaces, consistent with previously
reported studies42,45 (details provided in the Supporting
Information).
Figure 3f shows the S 2s XPS spectra of two samples

prepared for two different STP/HBTU molar feed ratios. The
areas under the peaks are found to be in the ratio of 1:2.3,
which is proportional to the 1:3 ratio expected from the feed
ratios taken in a solution. Given the qualitative nature of such
XPS results, we refer to the composition of the surface in terms
of the molar feed ratios taken in a solution. Finally, the relative
homogeneity of the covalently modified surfaces was
confirmed using atomic force microscopy (see the Supporting
Information).
The unique chemistry of the spirothiopyran photochromes

allows them to be readily used for fast, phototriggered one-step
surface patterning with maleimide-functionalized molecules
when exposed to UV light. Furthermore, utilizing the MC →
SP ring-closing isomerization, the Michael addition reaction
can be photoinhibited at a relatively low visible light
intensity.39 This allows us to use the STP-ML for maskless
large area patterning using a two-color writing setup. Briefly,
when STP-ML is under simultaneous illumination of UV
(which induces the SP isomer to switch to MC) and green
(which induces the MC isomer to switch back to STP), a
higher intensity of green will force the photochromic system to
remain in its unreactive STP isomer. Hence, spatial control

Figure 3. XPS spectra of (a) Si 2p, (b) N 1s, and (c) S 2s peaks for the bare glass substrate, amine-functionalized monolayer, and subsequent
covalently attached spirothiopyran samples prepared using a 1:3 STP/HBTU feed ratio. Angle-resolved (AR)-XPS spectra of (d) Si 2p and (e) N
1s for STP monolayers prepared using a 1:7 HBTU molar feed ratio analyzed at 45 and 70° take-off angles (TOA). (f) S 2s XPS spectra for the
samples prepared using two different STP/HBTU molar feed ratios.
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over patterning can be obtained by selectively introducing
minima/zeros for green illumination.46 The feature size of the
resulting pattern can also be tuned by the controlling the
relative intensity of the visible to UV light incident.
To this effect, we designed a writing system, where the STP-

ML in the presence of an Atto maleimide dye solution was
simultaneously exposed to a floodlit illumination of UV and a
standing wave of green. Writing, by formation of the Michael
addition product of the maleimide dye with merocyanine
(Figure 2a), is expected to occur only at the nodes of the green
standing wave. However, when patterning was carried out on
STP-ML prepared using a 1:1 STP/HBTU molar feed ratio,
the contrast of the 1D lines obtained was very poor (Figure
4a); patterning was found to occur nearly uniformly across the
green standing wave. To study the effect of the chemical
microenvironment of spirothiopyran on the two-color writing
response, samples prepared with increasing STP/HBTU molar
feed ratios were utilized for patterning with the same exposure
conditions. Introducing guanidinium diluents on the STP
surfaces were found to drastically improve the fluorescence
yield and contrast of the 1D lines obtained (Figure 4a,b). For
1:7 STP/HBTU molar feed ratio taken during the synthesis,
the contrast and signal of the lines formed are maximized, with

clear zeros visible (Figure 4c,d). Further increasing the relative
molar feed ratio of HBTU was found to decrease the net yield
and contrast of the lines obtained as the monolayer surface
becomes increasingly dilute with respect to the STP surface
density.
To further explore the role of the microenvironment on

direct writing using STP-ML, the Michael addition product
concentration (3, Figure 2) can be quantified by measuring the
emitted fluorescence photon count from the Atto dye
covalently attached to the monolayer when exposed to only
UV light. Samples prepared with different SPT/HBTU feed
ratios were exposed to an 8 μM Atto 647N maleimide dye
solution under 0.8 mW/cm2 UV exposure for 15 min (see
Experimental Section for details). Contrasts were determined
against control samples kept in the dark. For SPT-ML with no
diluent molecules (1:1 feed ratio), the contrast between the
control sample and the test sample was small (2.4× increase).
The high fluorescence signal detected for the control sample
indicates that a substantial proportion of spirothiopyran
molecules are already present in the merocyanine isomer
form in the dark. This behavior is contrary to what is seen for
spirothiopyran in a solution,39 we suspect a stabilizing dipole−
dipole interaction between charge-separated merocyanine

Figure 4. Confocal images of spirothiopyran monolayer after two-color patterning with Atto 647N maleimide dye as per the scheme shown in
Figure 1. Images shown are for the samples with the following compositions: (a) monolayer with no diluent molecules, (b) monolayer prepared
using a 1:4 spirothiopyran/HBTU molar feed ratio, and (c) monolayer prepared using a 1:7 spirothiopyran/HBTU molar feed ratio. (d) Line
profile comparing images in (a)−(c).

Langmuir Article

DOI: 10.1021/acs.langmuir.8b03304
Langmuir 2019, 35, 3871−3879

3875

http://dx.doi.org/10.1021/acs.langmuir.8b03304


isomers in a tightly packed monolayer to be responsible for this
effect. Upon increasing the molar feed ratio of HBTU to STP-
COOH, the total fluorescence yield and the contrast between
the control and test samples dramatically increased (Figure 5).

The yield and contrast are seen to pass through a maxima
before subsequently decreasing. The addition of diluent
molecules causes the spirothiopyran molecules to remain in
the spiro-isomer form in the dark, which markedly lowers the
control sample signal. Furthermore, the increase in detected
fluorescence yield can be ascribed to faster ring opening
kinetics in samples with higher diluent concentrations.
Guanidinium diluents (1b, Scheme 1) provide a local polar
chemical environment for the spirothiopyran molecules when
compared to a closely packed spiro-isomer assembly. An
improvement in contrast upon the introduction of diluent
molecules has been observed before for spiropyran mono-
layers;18 however, unlike spiropyran, where the increase in
contrast obtained due to shifting the [MC]/[SP] equilibrium
constant is marginal at best, the addition of the MC → MAP
step perturbs the photochromic switching away from
equilibrium, leading to 2 orders of magnitude improvement
in the signal. Hence, a spirothiopyran monolayer with
guanidinium diluents serves as an excellent photoswitchable
surface where desired areas of interest can be activated and
patterned using UV light.
A closer examination of the signal obtained from maleimide

patterning reveals an interesting observation regarding the
kinetics of photoswitching. For the SP ⇋ MC → MAP
reaction carried out in dark under UV illumination with no
visible light present, we can ignore the MC → SP photodriven
ring closing, and as the exposure is carried out at room temp,
we can also ignore the thermal back-isomerization. Hence, the
evolution of MAP as a function of time can be modeled as a
series of sequential reactions (SP → MC → MAP), with the
concentration of the Michael addition product as a function of
time calculated to be

[ ] = [ ] −
−

−− −i
k
jjjjj

y
{
zzzzzk k

k kMAP SP 1
1

( e e )k t k t
0

2 1
2 1

1 2

(1)

where k1 is the rate constant for the UV-induced ring opening
of spirothiopyran into merocyanine, k2(=[Atto − Mal]kMA) is
the pseudo-first-order rate constant for the thiol-Michael
addition with the Atto maleimide dye and [SP]0 is the initial
concentration of spirothiopyran (in the spiro form) on the
monolayer. Due to the much higher concentration of Atto
maleimide as compared to spirothiopyran and the low intensity
of UV light used, we can consider the ring-opening reaction to
be the rate-determining step (k2 ≫ k1) and simplify the above
expression to

[ ] = [ ] − −MAP SP (1 (e ))k t
0

1 (2)

For the data in Figure 5, across different STP/HBTU molar
feed ratios, the UV intensity and time of exposure were kept
constant. Also, during confocal measurements, as the quantum
yield of the Atto maleimide dye will not vary across samples
and the excitation intensity and detection conditions remain
constant, we can assume the photon count recorded to be
directly proportional to the concentration of the Michael
addition product. Hence, using eq 2, assuming the
spirothiopyran density among the different monolayer samples
is in the same ratio as the molar feed ratio taken during the
synthesis, we can calculate the ratio of the UV-induced ring-
opening rate constants (k1) for different monolayer samples.
The rate constants normalized with respect to the monolayer
without diluent molecules is plotted as a function of
composition in Figure 6. The rate constant for ring-opening

shows a rapid increase with increasing guanidinium diluent
concentration and saturates. The kinetics of photoisomeriza-
tion of spirothiopyran have been studied before39 and are
dependent on the intensity of UV light, molar extinction
coefficient of the spiro-isomer, and the quantum yield of ring
opening. As the UV intensity is same across different samples
and the extinction coefficient is also expected to remain
constant, the faster rate constants of ring opening can be
ascribed to the differential quantum yields. The quantum yield

Figure 5. Impact of varying STP/HBTU molar feed ratio during the
synthesis on photopatterning yield and contrast of the resultant
monolayers. Photon count (Hz) is the number of fluorescent photons
detected per second by the avalanche photodiode detector of our
confocal microscope. Contrast is maximized when the STP molecules
are optimally diluted in a microenvironment of cationic charge.

Figure 6. Plot of normalized ring opening rate constant as a function
of monolayer composition. The rate constants saturate with increasing
guanidinium concentration. The dotted lines are guide to the eye.
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for ring opening for spirothiopyran prepared using a 1:10 STP/
HBTU feed ratio is nearly 17 times higher than a 1:1 feed ratio
(no diluent molecules). The faster kinetics of the ring opening
could probably arise due to a hydrophilic local chemical
environment created by the guanidinium molecules (1b,
Scheme 1). A similar enhancement in the quantum yield of
isomerization was reported recently for spiropyran molecules
trapped in bile salts aggregates, with increased quantum yields
determined for molecules trapped in polar environments.47

Our results here for the spirothiopyran monolayer follow the
same trend, with the increased quantum yield of ring opening
manifesting as higher contrast and yield for thiol-Michael
addition surface patterning. Thus, our dye-tagging experiments
show that the chemical microenvironment significantly
influences the kinetics of spiropyran to merocyanine isomer-
ization, which acts as the critical rate-determining step for the
overall writing system.48 The high rate constants of Michael
addition between the thiol merocyanine isomer and the
maleimide molecules renders the reaction independent of
changes in the microenvironment.49

Further support for this hypothesis is obtained by changing
the identity of the diluent molecules. To illustrate the
importance of the polarity of the diluent molecule, the samples
were prepared with decanoic acid (DA) and 1-(3-carbox-
ypropyl)-2,3,3-trimethyl-3H-indol-1-ium iodide (IA) using a
7:1 molar feed ratio with respect to STP-COOH. As seen in
Figure 7, DA amide as a diluent gives a much lower yield for

patterning as well as poorer contrast when compared to
guanidinium, whereas the IA amide diluent is seen to give
better performance than guanidinium (better conformational
steric effects may contribute to this enhancement). Thus, it is
essential to optimize the concentration and choice of the
correct diluent molecule for improving both the contrast of
writing and the yield of the final product. Additionally, as
compared to spiropyran monolayers, since the Michael
addition product is in a permanently modified nonswitchable
state, photopatterning of spirothiopyran can create indelible
features not affected by photofatigue.

As compared to the rate of ring opening, it is difficult to
quantify the effect of the chemical microenvironment on the
kinetics of photoinduced ring closing. Using a monolayer for
patterning makes it extremely difficult to directly measure the
concentration of the unreacted STP molecules using
spectroscopic techniques. However, the increase in contrast
of two-color patterning with increasing HBTU molar feed
ratios (Figure 4d) clearly demonstrates that for the same
intensities of green light, a high diluent concentration of
guanidine is more efficient for inhibition and hence for the
photodriven MC → SP ring-closing reaction. Thus, we can
infer that the quantum yield of both forward and reverse
isomerizations is found to be highly sensitive to the
microenvironment of the covalently attached spirothiopyran.
The saturation of the ring-opening rate constant for higher

molar feed ratio, coupled with the detrimental effect on both
the yield and contrast of patterning due to the decreasing
density of covalently attached spirothiopyran with increasing
HBTU molar feed ratios, means that there is a clear trade-off
between the net intensity and contrast of photopatterns that
can be fabricated against the density of spirothiopyran
photochromes on the surface. Photoinhibition during two-
color patterning happens within seconds due to high intensity
of green used. Photoactivation and the resultant dye tagging
were found to saturate within 4−5 min for 10 mW/cm2 of UV
intensity. The overall writing time is determined by the light
sources used; it can be further shortened by increasing the
exposure intensities. The full width at half-maximum of the
resulting lines obtained can be controlled using the intensity of
UV and green and can in principle be extended for large area
1D nanopatterning with subdiffraction resolution. We are
currently following up by exploring these techniques in our
laboratories.

■ CONCLUSIONS

Spirothiopyran-functionalized monolayers on glass surfaces
were fabricated and characterized by different techniques
including XPS, AFM, and confocal microscopy. The ability of
the merocyanine isomer to participate in a thiol-Michael
addition with α, β unsaturated compounds, perturbing the
photoequilibrium between the SP and MC isomer, makes
spirothiopyran monolayers excellent candidates for maskless
direct writing. The effect of the local chemical environment on
the kinetics of writing were explored and the introduction of
polar nearest neighbors for the covalently bound spirothiopyr-
an was found to dramatically improve both the contrast and
yield of photopatterning. Spirothiopyran monolayers with
guanidine diluents prepared using a 1:10 molar feed ratio
between STP and HBTU during amide coupling were found to
exhibit 17 times higher quantum yield of ring opening as
compared to monolayers bereft of any diluent molecules. The
polar local environment also improves the rate of photo-
isomerization of the merocyanine isomer to its spiro form. This
enables the spirothiopyran monolayer to be used for two-color
photopatterning where writing only occurs at the intensity
minima of the visible light. These experiments demonstrate
that effective optimization of the local chemical environment
allows spirothiopyran monolayers to be a powerful photo-
switchable functional surface capable of direct writing with
maleimide-functionalized molecules, a feature that makes it
very appealing for a multitude of applications.

Figure 7. Impact of varying diluent composition on contrast (signal-
to-noise ratio) and total signal. Photon count (Hz) is the number of
fluorescent photons detected per second in the avalanche photodiode
detector of the confocal microscope.
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